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0 Gain switchable optical fiber amplifier. 

@ An optical fiber amplifier (78) has a lossy non- 
linear medium (74) connected between its input port 
(71) and its output port (72). The resultant optical 

FIG. 7 



feedback loop permits remote gain switching of the 
optical amplifier. 
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. Field of the Invention 

This invention relates to fiber amplifiers, and 
more particularly, to such amplifiers in which the 
gain can be purposefully varied. 

Background of the Invention 



The development, in the 1970*s. of economic 
processes for fabricating low loss optical fibers 
opened the field of optical communications which 
has had a major impact on information manage- 
ment and movement. Initial efforts were concen- 
trated in the transmission area. In these initial ef- 
forts, optical fiber was used as a high bandwidth 
transmission medium that was interposed in an 
otherwise electronic matrix. Accordingly, electrical 
signals representative of intelligence were trans- 
formed into optical signals for transmission and 
then, at the receiving end, were retransformed back 
into electrical signals for further processing. How- 
ever, it vyas always realized that maximum econo- 
mies would be obtained if the signals could also be 
processed in optical form, instead of simply being 
transmitted in optical form. Accordingly, techniques 
for optical switching and computing continue to be 
developed. However, among the first areas into 
which optical communications has branched, be- 
yond transmission, is the field of optical amplifica- 
tion. 

Heretofore, amplification and regeneration re- 
quired transformation of the optical signal into elec- 
trical form. However, recently commercially viable 
optical amplifiers have been fabricated, primarily 
using erbium-doped optical amplifiers. Such am- 
plifying fibers exhibit low noise, relatively large, 
polarization-independent bandwidth, reduced cross- 
talk, and low insertion loss, and are relatively cheap 
to fabricate. The fibers can be coupled end-to-end 
to a transmission fiber and transversely coupled 
through a directional coupler to a laser diode 
pump. However, the gain could exhibit undesirable 
fluctuations due to saturation effects. Recently, 
electro-optical feedback loops have been used to 
reduce this gain fluctuation (E. Desurvire et al, 
CLE091, Baltimore, Md., April 1991, Paper CThJ3). 
Additionally, further improved gain stablization 
schemes have been reported using all optical feed- 
back loops (M. Zimgibl, Electronics Letters, Vol. 
27, No. 7, pg. 560. March 28, 1991). However, due 
to the very long lifetimes of the relevant excited 
states that partake in the amplification, fast gain 
switching which would be needed, for example, in 
packet switching, appears to be unattainable. Nev- 
ertheless, to direct traffic flow, slow gain switching 
schemes may still be of commercial interest. 

Summary of the Invention 



This invention is an all-optical gain-switchable 
optical fiber amplifier which can be remotely gain 
switched. In an embodiment of the invention a 
feedback loop is connected between the output 

5 port and the input port of an optical fiber amplifier. 
A nonlinear lossy material is placed in the feedback 
loop. When so connected, the amplifier/feedback- 
loop system has a finite number, greater than one, 
of stable gain operation states. The system can be 

10 switched from one state to another by injecting into 
the amplifier optical energy of appropriate 
wavelength and power. In a specific embodiment, 
the optical fiber amplifier and/or the nonlinear me- 
dium may comprise an erbium-doped optical fiber. 

75 

Brief Description of the Drawing 



FIG. 1 is a schematic representation of a prior 
art optical fiber amplifier; 
20 FIG. 2 is a schematic representation of the gain 
saturation curve associated with the optical fiber 
amplifier of FIG. 1 ; 

FIG. 3 is a schematic representation of a gain 
stabilized optical fiber amplifier; 

25 FIG. 4 is a schematic representation of the gain 
saturation curve associated with the gain stabi- 
lized optical fiber amplifier of FIG. 3; 
FIG. 5 is a schematic representation of the in- 
ventive gain switchable optical fiber amplifier; 

30 FIG. 6 is a schematic representation of the gain 
saturation curve associated with the inventive 
gain switchable optical fiber amplifier of FIG. 5; 
FIG. 7 is a schematic representation of a spe- 
cific embodiment of the invention; 

35 FIG. 8 represents output spectra associated with 
the embodiment of FIG. 7 corresponding to the 
two states of the bistable system; and 
FIG. 9 is a trace of the signals that are input into 
the inventive device and the time evolution of 

40 the amplifier spontaneous emission (ASE). 

Detailed Description 

The invention involves a fiber optical amplifier 
45 with a feedback loop connected between the input 
port of the amplifier and the output port of the 
amplifier. A nonlinear lossy medium in the feed- 
back loop results in a finite number, greater than 
one, of stable operation states associated with the 
50 optical-fiber-amplifier/feedback-loop system. (For 
the purposes of this patent the term nonlinear 
medium is taken to mean a material whose trans- 
mission characteristics vary nonlineariy with optical 
power in the medium.) 
55 The principles underlying the inventive device 

will be more readily appreciated by first consider- 
ing both the basic fiber optical amplifier and the 
gain stabilized fiber optical amplifier. FIG. 1 is a 
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schematic representation of an optical fiber am- 
plifier 10. Such amplifiers are now well known in 
the art and comprise, for example, an erbium- 
doped silica-based optical fiber that acts as a gain 
medium. When the erbium doped gain medium is 
appropriately pumped, for example, by optical 
pumping, the population of states is inverted. Un- 
der such circumstances, signal optical energy of 
appropriate wavelength, when fed into the artiplifier 
by exemplary fiber 11, is amplified and exits via 
exemplary fiber 12. However, the gain of the am- 
plifier is not constant with input optical signal pow- 
er. Rather, as the input power increases, the gain 
medium saturates and the gain decreases. This is 
shown schematically in FiG. 2. Clearly, this vari- 
ation in gain is undesirable. 

Recently, an all optical technique was dis- 
closed to stabilize the gain characteristics of fiber 
optical amplifiers (M. ZirngibI, Electronics Let- 
ters,, Vol. 27. No. 7, pg. 560, March 28, 1991). The 
technique is shown schematically in FIG. 3 and 
involves the use of an optical feedback loop 21 
between the input port 22 and the output port 23 of 
the optical fiber amplifier 24. A material 25 that 
displays loss at relevant wavelengths is inserted in 
the feedback loop. Some of the output power, at 
specific wavelengths, is directed through the feed- 
back loop. In FIG. 4 the gain saturation cun/e of the 
amplifier and the loss characteristics of medium 25 
are represented schematically. If the loss of me- 
dium 25 is greater than the gain of the amplifier, 
i.e., G < U then the amplifier cannot compensate 
for the loss and the power in the feedback loop 
decreases. Accordingly, and as shown by the up- 
ward arrow in FIG. 4, when the power in the feed- 
back loop decreases, the gain increases. If on the 
other hand the loss associated with medium 25 is 
less than the gain, i.e., G > L, then the amplifier 
more than compensates for the loss in the feed- 
back loop the power in the feedback loop in- 
creases. As shown by the downward arrow in FIG. 
4, this increase results in a decrease in gain. This 
heuristic analysis indicates that, if G < L, the gain 
increases, and if G > L, the gain decreases. Ac- 
cordingly, the only stable operating point is when G 
equals L. Therefore, the device of FIG. 3 yields a 
gain stabilized optical fiber amplifier. 

The inventive gain switchable optical fiber am- 
plifier is shown schematically in FIG. 5. in this 
figure, 50 is a fiber amplifier, 51 is an exemplary 
fiber input port, 52 is an exemplary fiber output 
port, 53 is a feedback loop and 54 is a lossy 
nonlinear medium. (While the feedback loop in this 
application is generally identified as an optical fi- 
ber, it will be understood that in particular embodi- 
ments the feedback loop may be any appropriate 
structure that returns at least a portion of the output 
to the input. Accordingly, appropriate reflectors for- 



ming, for example, a linear cavity is also included 
within the term "feedback loop" as it is used in this 
application. Practitioners in the field will, of course, 
appreciate that the fiber feedback loop forms what 
5 many call a "ring cavity".) The nonlinear medium is 
homogeneously broadened. (For the purposes of 
this application even a medium that is only partially 
homogeneously broadened is referred to as ho- 
mogeneously broadened.) 
70 FIG. 6 is a scherriatic representation of the 

optical characteristics of the optical fiber amplifier 
50 and the nonlinear medium 54. In FIG. 6. 62 is 
the gain saturation curve associated with the optical 
fiber amplifier 50 and 61 represents the character- 
75 istics of the nonlinear loss medium 54. As in FIG. 
4, in regions where G < L. the gain tends to 
increase, whereas in regions where G > L, the gain 
tends to decrease. Accordingly, following the analy- 
sis articulated in connection with FIG. 4, there are 
20 only two stable operating points in FIG. 6. These 
operating points are indicated by 63 and 64. 

Initially, the device of FIG. 5 operates at point 
63. As the input power at the feedback wavelength 
is increased, the system moves to operating point 
25 64. (It should be noted that the input power need 
only be great enough to move the system to point 
65 since, at that point, the instability characteristics 
of the system will automatically move it to point 64. 
The additional power necessary to move from point 
30 65 to point 64 is obtained as a result of the 
amplification properties of the amplifier 50.) 

Once the system is at point 64. the gain rriay 
be switched back to point 63 by applying a signal, 
of wavelength different than the wavelength se- 
35 lected for the feedback loop, which saturates the 
amplifier sufficiently to change the gain curve from 
curve . 62 to, for example, curve 66. Clearly, if the 
gain curve is represented by 66, instead of curve 
62, while the loss curve is still represented by 61, 
40 then G will always be less than L. If the gain is 
always less than the loss, the power in the feed- 
back loop must be zero and the only stable operat- 
ing point is point 67. If, once the system moves to 
point 67, the saturating power is removed, the 
45 system will operate at point 63 and will have been 
switched from point 64 to point 63 via point 67. 

It should be appreciated that the discussion of 
the invention to this point has been extremely 
general. In practice the inventive device may in- 
50 elude additional elements that are not absolutely 
necessary to the practice of the invention but may 
be beneficial depending upon the particular em- 
bodiment being practiced. So. for example, various 
isolators and interference filters may be used in the 
55 feedback loop to determine the wavelengths that 
are transmitted in that portion of the device. Addi- 
tionally, the amplifier and/or the lossy medium may 
comprise erbium-doped silica-based optical fibers. 



3 



5 



EP 0 519 648 A2 



6 



Coupling between the feedback loop and the input 
and/or output ports may be by way of well-known 
selective wavelength couplers. Likewise, pump ra- 
diation necessary for operation of the amplifier may 
be introduced into the amplifier by means of an 
appropriate wavelength selective coupler. Pumping 
radiation necessary to switch the system from one 
stable gain operation point to another may be intro- 
duced into the amplifier along with the signal that is 
being amplified. Of course, the amplifier itself will 
likely be connected to other elements of an exem- 
plary transmission system via appropriate optical 
fibers and connectors. 

A specific embodiment is shown in FIG. 7. The 
erbium doped fiber amplifier (EDFA) 78 consists of 
19.5m of a Al2 03:Ge02:Si02 fiber with a small- 
signal peak gain of 34 dB. Pump radiation is intro- 
duced in the amplifier by means of a wavelength 
selective coupler 71 at 1.48um. The output of the 
EDFA is first isolated and then split by a 
wavelength independent 3 dB coupler (WIC) 72 
into an output branch and a feedback branch. In 
the feedback loop, an interference filter 73 tuned to 
1560nm with a 3 dB bandwidth of 1.2nm is inserted 
into a beam expander. The saturable absorber con- 
sists of 4m of a second piece of Al2 03:Ge02:Si02 
Er-doped fiber 74 whose small signal absorption 
coefficient at 1560nm was measured to be 5 dB/m. 
An isolator 75 prevents the backward amplifier 
spontaneous emission (ASE) from entering into the 
feedback loop. Two signal channels 76 are mul- 
tiplexed with the nonlinear feedback loop (NFL) 
signal in a wavelength independent coupler 77 and 
input to the EDFA 78 through the wavelength 
selective coupler (WSC) 71. The sources of the 
signal channels are a narrow bandwidth fiber laser 
(FL) tuned exactly to the feedback wavelength of 
1560nm and a Fabry Perot laser diode (FP) whose 
frequency spectrum is centered around 1535nm. 
To study the dynamics of this switching scheme, 
the two signal channels are chopped simultaneous- 
ly in beam expanders. The EDFA output is mon- 
itored by an optical spectrum analyzer 79. A sec- 
ond output branch is filtered in a beam expander 
80 and detected by a Ge-photodetector 81. Ge- 
photodetectors are also used to monitor the signal 
power at Psig 82 and the EDFA input at Pin 83. 

The output spectra corresponding to the two 
stable states of the bistable system of the EDFA- 
NFL scheme are displayed in FIG. 8. When the 
pump is first turned oh, the system does not self- 
start lasing and the output spectrum for this case is 
given by the top curve 90 In FIG. 8. The system is 
switched to lasing operation by injecting -24 dBm 
cw power (as measured at Pin) at 1560nm from the 
fiber laser, and remains lasing after removal of this 
signal. The output spectrum for this case is shown 
by the lower curve 92 in FIG. 8. The lasing satu- 



rates the ASE by approximately 22 dB at the peak 
emission wavelength of 1530nm. The power in the 
feedback loop (as measured at Pjn) was -8 dBm. 
Switching back to the non-lasing state is achieved 

5 by injecting -8.5 dBm (as measured at Pin) from the 
1535nm laser diode. The ASE difference between 
the two states can not be exactly identified with the 
small signal gain difference due to the distributed 
generation of spontaneous emission over the whole 

10 fiber length. I therefore investigated the small sig- 
nal gain difference at 1530nm by tuning the FL to 
this wavelength after switching on the ring-lasing. A 
net small signal gain difference of 26 dB between 
the two bistable states was found. 

75 The dynamics of this switch was checked by 

alternatively injecting the switching signals by 
means of a chopper. The output IF was tuned to 
1530nm so that the ASE peak power in a 1.2nm 
bandwidth was monitored by the Ge photodetector. 

20 The upper trace in FIG. 9 shows the two alternating 
input signals detected at Pgig and the lower trace 
the time evolution of the ASE. As expected, the 
switching times of 10-50ms due to the long *li3/2 
lifetime of the Er^*. 

25 As reported above, and also observed in FIG. 

7, we need much more signal power to switch the 
lasing off than to switch it on. This is explained by 
the fact that the off-switching control signal has to 
decrease the already strongly saturated gain by an 

30 additional sufficiently large amount to depress the 
gain at the feedback wavelength below the mini- 
mum loss in the NFL. Therefore, the power of the 
switching-off signal has to be of the same order of 
magnitude as the ring-lasing power. In specific 

35 embodiments, where it is not convenient to deal 
with high control signal power levels, this detail can 
be handled by selectively amplifying the switching- 
off control signal in a second EDFA. 

The switching range in the presented scheme 

40 is limited by linear losses in the feedback loop like 
the WIC. In an optimized version, the multiplexing 
between signal input and output channel and feed- 
back channel may be acconrlplished with "loss- 
free" WSC's. In such a case, a gain switching 

45 between transparency (1 dB) and unsaturated small 
signal gain could be theoretically achieved by us- 
ing, in the feedback loop, an Er-doped fiber whose 
small signal loss compensates exactly the small 
signal gain In the EDFA at the feedback 

50 wavelength. 

Claims 

1. A device comprising: 
55 a) a optical fiber amplifier, having an optical 

input port and an optical output port and 
comprising a homogeneously broadened 
gain medium; 
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b) an optical feedback loop connected be- 
tween the output port and the input port of 
the said optical fiber amplifier; 
said optical feedback loop comprising a 
lossy nonlinear medium. 5 

2. The device of claim 1 wherein the feedback 
loop comprises an optical fiber forming with 
the amplifier a ring cavity. 

10 

3. The device of claim 1 where the characteristics 
of the lossy nonlinear medium are such that 
the amplifier/feedback-loop system has asso- 
ciated with it a finite number, greater than one, 

of stable gain operation states. 75 

4. The device of claim 2 further comprising 
wavelength selective means disposed in the 
said feedback loop which limits the 
wavelengths transmitted through the nonlinear 20 
medium to a subset of the gain spectrum of 

the optical fiber amplifier. 

5. The device of claim 3 wherein said wavelength 
selective means comprises a fiber interference 25 
filter. 



6. The device of claim 4 wherein said wavelength 
selective means comprises a fiber interference 
filter disposed on one side of the nonlinear 30 
medium, an optical fiber isolator disposed on 

the other side of the nonlinear medium. 

7. The device of claims 1, 2 and 3 wherein the 
optical fiber amplifier comprises an erbium 35 
doped fiber. 

8. The device of claim 7 further comprising a 
wavelength selective couple for transmitting 
pump energy into said erbium doped fiber 40 
amplifier. 

9. The device of claim 3 wherein said wavelength 
selective means comprises a first wavelength 
selective coupler disposed between the output 45 
port of the said optical amplifier and the non- 
linear medium. 



10. The device of claim 7 wherein the nonlinear 

medium is an erbium doped optical fiber. so 
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FIG, 3 
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FIG. 5 
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FIG. 6 
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FIG. 9 
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